Abstract. We derive constraints on mixed dark-matter scenarios consisting of primordial black holes (PBHs) and weakly interacting massive particles (WIMPs). In these scenarios, we expect a density spike of the WIMPs that are gravitationally bound to the PBHs, which results in an enhanced annihilation rate and increased indirect detection prospects. We show that such scenarios provide strong constraints on the allowed fraction of PBHs that constitutes the dark matter, depending on the WIMP mass m χ and the velocity-averaged annihilation cross-section σv . For the standard scenario with m χ = 100 GeV and σv = 3 × 10 −26 cm 3 /s, we derive bounds that are stronger than all existing bounds for PBHs with masses 10 −12 M M BH 10 4 M , where M is the solar mass, and mostly so by several orders of magnitude.
Introduction
Despite the considerable evidence in favor for the existence of non-baryonic dark matter (DM) in the Universe, the nature of the DM continues to remain unknown and its identification is a major challenge in modern physics. To date, all experimental efforts have yielded null or inconclusive results. From the point of view of particle physics, many theories and paradigms have been proposed to model the DM. A stable weakly interacting massive particle (WIMP) is among the best motivated candidates for describing the presence of DM. WIMPs emerge in various extensions of the Standard Model (SM), which aim to solve other theoretical issues. The natural appearance of WIMPs in such models provides a non-empirical support in their favor.
For masses around the GeV-TeV scale, the annihilation cross-section of WIMPs into lighter particles, computed from a thermal production scenario, is typically of the order of what is obtained from the mediation of the weak interaction. Thus, the relic abundance of WIMPs obtained naturally accounts for the present abundance of the DM. Indeed, after the WIMPs have chemically decoupled from the primordial plasma at the freeze-out temperature, their abundance is approximately
where σv f.o. is the thermal average of the velocity and the annihilation cross-section of the DM into lighter particles at freeze-out and Ω WIMP ≡ ρ WIMP /ρ c is a density parameter with ρ WIMP being the energy density of WIMPs and ρ c the critical energy density of the Universe. 1 Although the number of WIMPs is fixed at the moment of chemical decoupling, an efficient kinetic equilibrium is still maintained for a certain time through the exchange of momentum between WIMPs and lighter particles. Eventually, the kinetic decoupling of WIMPs occurs at a certain temperature T KD and the WIMP velocity distribution is fixed.
The non-trivial interplay between the known weak-scale physics and DM phenomenology allows for concrete model-building possibilities, relating WIMPs to various aspects of physics lying beyond the SM. This leads to links with, e.g., supersymmetry [1] , universal extra-dimensions [2] , and various 1 Note that ρc = 3 H 2 0 /8πG, where G is the gravitational constant, H 0 is the present value of the Hubble rate, and h ≡ H 0 /(100 km/s/Mpc). In the following, the Planck mass M Pl = 1/G 1.221 × 10 19 GeV is also used.
baryogenesis [3, 4] and neutrino mass models [5, 6] . Perhaps more importantly, the WIMP paradigm is testable, since it provides many direct and indirect detection prospects through recoil off nuclei and annihilation into detectable SM particles. The ever-growing level of sensitivity reached by WIMP detection experiments offers a great hope that WIMPs will be unambiguously discovered in the near future.
One of the main search strategies for WIMPs is the indirect detection of the products of their annihilation in and beyond our Galaxy. The WIMP annihilation rate is proportional to the square of their number density, implying that denser regions offer much higher detection prospects. Such regions include, e.g., the Galactic center and nearby dwarf spheroidal galaxies. Clearly, any physical mechanism, which increases the density of DM particles, is advantageous from the point of view of indirect detection. A compelling example of such physics is offered by primordial black holes (PBHs), namely black holes that have been produced in the very early Universe.
PBHs have received considerable attention, since they were first postulated [7, 8] . The interest in them constituting (parts of) the DM [9] has recently been revived through the discovery of black-hole binary mergers [36, 37] . The possible PBH formation mechanisms are very diverse and there is a plethora of scenarios that lead to their formation. All of these have in common that they require a mechanism to generate large overdensities. Often these overdensities are of inflationary origin [38] [39] [40] . When re-entering the cosmological horizon, these overdensities collapse if they are larger than a certain medium-and shape-dependent threshold. Here, the case of radiation domination is the most often considered in the literature. Other scenarios for PBH formation exist, such as those where the source of the inhomogeneities are first-order phase transitions [10] , Higgs fluctuations during inflation [41, 42] , bubble collisions [28, 43, 44] , collapse of cosmic strings [45, 46] , necklaces [47] or domain walls [48] . We refer to App. A for more details. In some regions of the parameter space, the energy density of PBHs ρ BH can describe the observed DM abundance.
In this paper, we are not assuming any specific formation mechanism of PBHs, since we only require that PBHs are formed prior to the kinetic decoupling of WIMPs from the primordial plasma. We assume a scenario in which the DM is mixed of PBHs and WIMPs, i.e., the energy density of DM is given by ρ DM = ρ WIMP + ρ BH . Thus, the fraction of PBHs f is defined as 2) so that the corresponding fraction of WIMPs is ρ WIMP = (1 − f ) ρ DM . Either PBHs or WIMPs could, in principle, account for the total DM abundance in the Universe. However, even though their existence is well motivated for different reasons, there is no evidence that one of them must account for the total DM abundance. Indeed, a mixed DM scenario, consisting of both PBHs and WIMPs, seems more likely. Such a scenario allows the early-formed PBHs to accrete WIMPs around them and seed the formation of a compact dark clump [49] [50] [51] [52] [53] [54] . This would enhance the annihilation of WIMPs in bound orbits around PBHs even for values of f that are many orders of magnitude below unity.
Assuming a certain simplified density profile of the DM in the central region of the clump, various groups studied the signal produced by DM annihilation in these overdensities [52] [53] [54] [55] [56] [57] [58] . Here, following Ref. [54] , we aim to derive the DM density profile from first principles. Furthermore, our goal is to derive reliable bounds on the parameter space of the mixed PBH-WIMP scenario, using as little assumptions as possible.
The rest of this paper is organized as follows. In Sec. 2, we describe the generation of DM density spikes in the presence of PBHs. Next, in Sec. 3, we investigate the associated enhancement of the annihilation signal. Then, in Sec. 4, we present, discuss, and summarize our results on constraints on the PBH DM fraction. In Sec. 5, we provide our conclusions. Finally, in the appendices, we give details on the PBH formation mechanism of PBHs (App. A), the kinetic decoupling (App. B), and a derivation of the WIMP density (App. C).
Dark-Matter Density Spikes from Primordial Black Holes
Once WIMPs have kinetically decoupled from the primordial plasma, they are gravitationally bound to PBHs and form density spikes, where WIMP annihilation might be boosted even to present days. Comparing the expected annihilation signal with data from the Fermi telescope, we can constrain the PBH-WIMP parameter space. In this section, we revise and extend the derivation of the density of WIMPs around a PBH, following Ref. [54] . We assume the presence of a sufficient amount of WIMPs.
In a radiation-dominated Universe, the Hubble rate depends on the cosmic time t and the temperature of the plasma T as
where ρ is the energy density of radiation and we introduce the quantity
in terms of the effective number of relativistic degrees of freedom g * (T ). For practical purposes, we set g * (T KD ) = 61.75. At temperature T KD , the scattering of WIMPs off radiation becomes inefficient in exchanging momentum and WIMPs kinetically decouple from the plasma. From the moment of decoupling, the WIMP momentum p decreases with the scale factor a(t) according to p ∝ 1/a(t), which leads to a WIMP temperature:
Note that the behavior of T WIMP differs from the evolution of T , which scales as a −2 (t). We refer to App. B for additional details on the derivation of T KD .
Suppose that, at time t i prior the kinetic decoupling t KD , a PBH of mass M BH forms in a radiation-dominated Universe with the energy density ρ. Using Eq. (2.1), we have ρ = 3/(32π G t 2 ). In order for particles to be gravitationally affected by the PBH, the energy density within a sphere of radius r infl (t KD ) must equal ρ:
This yields
with the Schwarzschild radius r g ≡ 2 GM BH . For r > r infl (t KD ), the kinematic properties of WIMPs are the same as what is obtained for the standard radiation-cosmological history of the Universe, while for r < r infl (t KD ), the gravitational attraction of the PBH governs the WIMPs orbiting. Now, we focus on a WIMP at position r i and with velocity v i when the PBH forms at time t i . If τ orb is the period of the WIMP's orbital motion around the PBH, it would spend only a fraction 2 dt/τ orb at distances between r and r + dr, 2 where dt is the time it takes for the WIMP to move from r to r + dr. Then, at any later time t > t i , we have the mass relation 6) which implies that the density of WIMPs in bound orbits around the PBH is given by
where the WIMP velocity distribution f B (v i ), the radial velocity dr/dt, and the orbital period τ orb are given in App. C in Eqs. (C.13), (C.4a), and (C.3), respectively. Reference [54] lacks details on the subtleties in the computation of Eq. (2.7), which deals with the conditions that the WIMP orbit is bound to the PBH. We derive these details in App. C. 3 Accounting for the fact that the present DM density has decreased at least to the value [59] The WIMP density profile for the smallest value of M BH constitutes an envelope to the profiles for the other values and is defined as
(2.10)
We have numerically confirmed that profiles with even smaller values of M BH than M BH = 10 −12 M converge towards ρ 0 (r). Increasing the value of M BH from 10 −12 M to 10 M and even further, the different profiles decouple from ρ 0 (r) and cross ρ max at decreasing values of r, as is indicated in Fig. 1 . Furthermore, we denote byx the "critical" value of x at which ρ 0 (x) = ρ max . This corresponds to the "critical" PBH mass M BH . Since the WIMP density profile for values below ρ max rapidly goes to zero as a function of x, we model the DM density profile around the PBH as
For PBHs with masses M BH M BH , the decoupling of the corresponding profiles from ρ 0 (r) occurs at values of the density below ρ max , so that these PBHs share the same constant value ofx, whereas for M BH M BH ,x is proportional to a power of M BH .
Annihilation Signal from Dark-Matter Density Spikes
In Sec. 2, we have derived the expression for the WIMP density profile around PBHs. Now, we proceed to calculate the expected signal from these overdense regions. The number of WIMP annihilations in the vicinity of a PBH per unit time is given by
where again x ≡ r/r g . Based on what we displayed in Fig. 1 and on the parametrization of Eq. (2.11), the decay rate in Eq. (3.1) is Sincex is constant for M BH M BH , we obtain Γ BH ∝ M The byproducts of WIMPs annihilating around the PBHs contribute to the isotropic flux of gamma rays coming from our Galaxy ("gal") and the extragalactic ("ex") components. In fact, the spectrum of gamma rays contains various components like individual sources, the diffuse Galactic emission, and the residual isotropic diffuse gamma-ray background, which comprises the unresolved extragalactic emissions as well as the residual Galactic foregrounds. Therefore, the total expected differential flux of gamma rays is given by [60] 
3)
The Galactic component is not isotropic, and hence, the dependence on the differential solid angle dΩ.
However, its minimum value with respect to the direction contributes an irreducible background to the isotropic flux. In the following, we assume that the energy density in the PBHs tracks the DM density profile in both the Galactic and the extragalactic environments as in Eq. (1.2), i.e., ρ BH = f ρ DM .
For a PBH of mass M BH and for a specific annihilation channel, the expected Galactic component of the gamma-ray flux per solid angle is [60] [61] [62] 
where the integral is taken along the line of sight (l.o.s.) s, dN γ /dE is the number of photons N γ produced by the WIMP annihilation channel considered per unit energy E, ρ H (r) is the DM distribution in the halo, and we account for the fact that WIMPs contribute a fraction 1 − f of the total dark-matter energy density. The coordinate r appearing in ρ H (r) is defined as r = r(s, ψ) ≡ r 2 + s 2 − 2 r s cos ψ ,
where r = 8.33 kpc is the distance from the solar system to the Galactic center, s parametrizes the distance from the solar system along the l.o.s., and ψ is the angle between the direction of observation in the sky and the Galactic center. Similarly, the extragalactic component is [60] [61] [62] 
where the optical depth τ opt (z) accounts for the attenuation of high-energy gamma rays due to their scattering with UV extragalactic photons as a function of the redshift z, and H(z) is the Hubble rate as a function z.
Results on Constraints on the Primordial Black-Hole Dark-Matter Fraction
Equations (3.4) and (3.6) are analogous to what is obtained when considering (a single component) decaying DM of mass m DM and decay rate Γ DM if we perform the substitution
Therefore, we can translate the experimental bounds on decaying DM to our parameter spaces.
First, we constrain the PBH physics in the parameter space given by M BH and f . We use the results presented in Ref. [63] , where the extragalactic gamma-ray background measured by Fermi is used to set limits on the DM decay rate Γ DM for different decay channels and DM particle masses. Thus, we convert the bounds obtained in Ref. [63] to bounds on f , given Γ BH in Eq. (3.2) and the analogy in Eq. (4.1). To this end, we focus on the bounds obtained from the bb channel, corresponding to the results in Fig. 3.(f) of Ref. [63] .
In Fig. 3 , we present the bounds on f as a function of M BH obtained using the analysis on decaying dark matter in Ref. [63] . We have used σv = 3 × 10 −26 cm 3 /s and presented two results, corresponding to m χ = 100 GeV (red dashed curve) and m χ = 1 TeV (green dot-dashed curve), respectively. The gray-shaded areas stem from other techniques to constrain the PBH parameter space, see the caption of Fig. 3 . For m χ = 100 GeV, we find that the corresponding bound is, in some regions, several orders of magnitude stronger than all currently existing bounds for PBHs with masses 10
Second, we convert the bounds on decaying DM to bounds on f in the WIMP parameter space spanned by m χ and σv in order to be as model-independent as possible from the point of view of Figure 3 . Constraints on the allowed PBH DM fraction f for a variety of effects associated with PBHs of mass MBH in units of the solar mass M . Here, a monochromatic PBH mass spectrum has been employed. The red dashed and green dot-dashed curves are our results, corresponding to mχ = 100 GeV (red, dotted) and mχ = 1 TeV (green, dot-dashed), respectively. For both cases, σv = 3×10 −26 cm 3 /s has been used. Also shown are constraints from extra-Galactic γ-rays from evaporation (EG) [64] , femtolensing of γ-ray bursts (F) [65] , neutron-star capture (NS) [66] , microlensing with the Subaru/HSC Andromeda observation (HSC) [67] , Kepler microlensing of stars (K) [15] , EROS-2 [68] and OGLE-III [69] microlensing of stars (ML), survival of a star cluster in Eridanus II (E) [70] , accretion effects (WMAP and FIRAS) [71] , and disruption of wide binaries (WB) [72] .
WIMPs. In this case, we fix the PBH parameters to some representative benchmark values, namely
In Fig. 4 , we display density plots for the PBH fraction f as a function of m χ and σv for the four above-mentioned values of M BH . The colored regions of these plots represent f with the color scale indicating the value of log 10 f . White regions show areas in which the value of f > 1 and are therefore excluded. The hatched regions mark the areas of the WIMP parameter space that are excluded by the search of gamma rays from DM annihilation in dwarf satellite galaxies coming from the combined analysis of the Fermi and MAGIC telescopes [73] for the bb channel. This bound assumes that WIMPs account for the total DM of the Universe and is therefore only valid for f 1, otherwise it should be properly rescaled for the considered value of f . We show it to illustrate the interplay between the WIMP indirect-detection bounds and f . Figure 4 provides the maximal value of f for each WIMP parameter pair m χ and σv . . As before, a monochromatic PBH mass spectrum has been used. The white region in each panel represents values of f > 1, which are excluded, whereas the black solid curve in each panel shows the constraint from Fermi and MAGIC telescopes for the bb channel [73] , and the black hatched region (valid for f 1) marks the corresponding values of mχ and σv , which are excluded.
Conclusions
In this work, we have derived constraints on mixed DM scenarios consisting of PBHs and WIMPs. Here, the PBHs efficiently accrete the WIMPs, leading to spikes in their DM density profile. We have precisely calculated this profile (see Fig. 1 ) as well as the associated enhanced WIMP annihilation signal (see Fig. 2 ). These are shown to potentially provide strong constraints on the allowed PBH DM fraction f . In particular, we have demonstrated that experimental knowledge on WIMP DM may be used to significantly constrain both the PBH and WIMP parameter spaces. Our results are summarized in Figs. 3 and 4 .
We should stress that the exclusion limits derived in this work are for the mixed scenario of PBH and WIMP DM. In particular, these constraints by no means restrict the abundance of PBHs for DM particles of much larger masses and/or smaller annihilation cross-sections.
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A Primordial Black-Hole Formation
When re-entering the cosmological horizon, a density perturbation collapses to a PBH if it is larger than a certain medium-and shape-dependent threshold. Here, the best studied (and highly idealized) case is that of a collapse of spherical Gaussian overdensities within the epoch of radiation domination. The vast majority of the literature assumes rapid dynamics, leading to a black hole with a mass proportional to the horizon mass, and hence, a monochromatic mass spectrum. However, it can be shown that even if the initial density spectrum was monochromatic, the phenomenon of critical collapse [11] will inevitably lead to a PBH mass spectrum which is spread out, shifted towards lower masses and lowered, leading to potentially large effects (cf. Ref. [74] ). Under the assumption of spherical symmetry, it has been shown [75] [76] [77] [78] [79] that the functional dependence of the PBH mass M BH on the density contrast δ follows the critical scaling relation
where M H is the mass contained in a Hubble patch at a given time t, namely
In Eq. (A.1), the constant k, the threshold δ c , and the critical exponent γ c all depend on the nature of the fluid containing the overdensity δ at horizon-crossing [80] . In radiation-dominated models, which are the focus of this paper, repeated studies have shown that γ c 0.36 [76, 77, [80] [81] [82] ] and δ c 0.45 [80] [81] [82] . In accordance with Ref. [11] , we set k = 3.3. Precise numerical computations [80] [81] [82] have confirmed the above scaling law, which has been shown to apply over more than ten orders of magnitude in density contrast [82] . Applying the Press-Schechter formalism [83] for spherical collapse and assuming a Gaussian perturbation profile, one can express the ratio β of the PBH energy density to the total energy density at the time of PBH formation as
which holds for σ δ c with σ being the variance of the primordial power spectrum of density perturbations generated by the model of inflation. From the above specified β, we can express the PBH DM fraction f via
where Ω eq DM ≈ 0.42 and β eq are the DM density and the PBH mass fraction at matter-radiation equality, respectively.
4
In the main part of this work, we derive the flux Φ γ | MBH of gamma rays coming from WIMP annihilation in halos around the PBHs assuming a certain, fixed M BH . However, for a given extended mass distribution f (M BH ), specifying the number of PBHs per unit mass, the final constraint can be easily derived from these results. This utilizes the following weighting: Let I bin ∈ N denote the number of mass bins
is evaluated for a mass within each bin i and the bin number I bin should be chosen such that, to the precision sought, it does not matter where exactly in each bin i the quantity Φ γ
is evaluated (cf. Ref. [25] ).
B Kinetic Decoupling
We consider the single-particle Boltzmann equation, neglecting other effects related to the medium and restricting to Boltzmann statistics. After the chemical decoupling has occurred at temperature T chem ∼ m χ /20, the relevant Boltzmann collision equation for the phase space density f B reads [84, 85] 
Here, the elastic collision rate is given by [86, 87] 
where γ(T ) is the momentum relaxation rate. Introducing the number density and the kinetic temperature of χ as
respectively, the expression for T χ is obtained by integrating Eq. (B.1) by
The temperature of kinetic decoupling is defined as [86, 87] 
where Γ(·) is the gamma function. This expression of T KD coincides, up to a numerical factor, with other definitions available in the literature [88] .
C Derivation of the WIMP Density
In deriving the WIMP density, our starting point is [54] ρ(r) = 1 r 2 dr i r
which is exactly the same equation as Eq. (2.7). The specific expressions for τ orb , dt/dr, and f B (v i ) will be specified below in Eqs. (C.3), (C.4a), and (C.13), respectively. The energy of a particle of mass m χ at position r i and with velocity v i is given by
where in the last equality we have expressed the velocity in terms of β i ≡ v i /c and the radius r i in terms of r g . We have then set c = r g = 1. Requiring that the orbit is bound gives E ≤ 0 or r i < 1/β The condition that the orbit is confined between the aphelion and the perihelion implies that y 2 > y respectively.
